A study was undertaken to determine why bacteria could penetrate lengths of consolidated sandstone (Berea) faster when the sandstone was sterilized by autoclaving than when dry heat (150°C, 3 h) was used. Changes in permeability, porosity, and pore entrance size of the rock as a result of autoclaving were not sufficient to explain the differences in penetration times observed, but electron dispersion spectroscopy and electron microscopy of the rock revealed changes in mineral composition and clay morphology. Autoclaved cores contained more chloride than dry-heated cores, and the clays of autoclaved cores were aggregated and irregularly shaped. Therefore, the decreases in bacterial penetration rates caused by autoclave sterilization were probably the result of a change in surface charge of the pores of the rock and of a reduction in surface area of clays available for adhesion. The results implied that dry-heat sterilization was preferable to autoclaving when examining biotic and abiotic interactions in a native-state rock model.
Recent interest in subsurface environments with regard to metabolism of toxic wastes (8, 12) , biofilm formation (9) , and microbially enhanced oil recovery processes (3, 5) has created a need to develop experimental models to study the factors influencing the rate of microbial penetration through porous media. Some investigators have studied these factors in synthetic soil or rock systems by packing glass columns with sand, fused glass beads, iron filings, or even agar (13) . These systems are useful and advantageous because of the ease of preparation, consistency between columns, and the limited number of abiotic variables. However, these experimental systems often do not adequately emulate the physical environment of deep subsurface environments. This is the reason that much of the current research on microbially enhanced oil recovery has been done with Berea sandstone. This rock is a consolidated sandstone outcropping which is quarried near Cleveland, Ohio. It is widely used in the petroleum industry as a model rock system for studying various oil recovery techniques because of its ready availability and its close resemblance in many respects to the physical properties of actual oil-bearing sandstones.
To study penetration of selected bacterial species in nutrient-saturated Berea sandstone it was necessary to sterilize the cores before inoculating them with the bacterium under investigation. In previous studies autoclaving has most often been used to sterilize sandstone cores (1, 6, 7) . However, dry heat (i.e., 150°C for 3 h) is also an effective means of sterilization. The purpose of this study was to examine the effects of dry-heat sterilization and autoclaving on bacterial penetration times and to determine the physical changes that occurred in the Berea sandstone as a result of these treatments. It is hoped that by understanding these changes, insight may be gained as to ways (7) .
Core preparation. For experiments involving cell penetration, cores were prepared as described previously (7) . The sides of each core were coated with epoxy. Berea sandstone from Cleveland Quarries was used in all experiments. The permeability of 3/4-in.-diameter (1.91 cm) cores was determined by using a permeameter and Darcy's law as described previously (7); the results are given in millidarcys.
Sterilization of cores. (i) Autoclave. Cores used in penetration studies were presaturated under vacuum with 5% (wt/vol) NaCl solution. The saturated cores were submersed in the brine and autoclaved at 121°C and 15 lb/in2 for 30 min. The initial permeability (K1) was determined by using 5% NaCl solution previously filtered through a 0.22-,um membrane filter (Millipore Corp., Bedford, Mass.). The cores were then placed in growth chambers containing the growth medium as described previously (7) and autoclaved for an additional 20 min.
( Pore entrance size distribution. The centrifugation method of Slobod et al. (10) as modified by Torbati et al. (11) was used to determine the capillary pressure profiles of the sandstone cores at increasing centrifugal forces. An ultracentrifuge (model L5-50B; Beckman Instruments, Inc., Fullerton, Calif.) was used. Pore entrance size distribution was generated from the capillary pressure curve and from physical data on the length, diameter, dry weight, and wet weight of the core by using a computer program (E. C. Donaldson, personal communication).
EDS and SEM. Both electron dispersion spectroscopy (EDS) and scanning electron microscopy (SEM) of sandstone were done as previously described by Crocker et al. (4) . Three Berea cores (2-by 6-in. ([5- The penetration time for strains BCI-1NS and 140 was dependent on the method of core sterilization used (i.e., dry heated or autoclaved). The same cores (132, 133, 134) were used for all penetration experiments shown in Table 1 to eliminate variations between different cores. Cores that were sterilized by dry heat had longer penetration times compared with autoclaved cores of the same length. Both sterilization methods increased the permeability of inoculated and uninoculated cores which indicated that changes in permeability cannot explain the differences in penetration times observed with the two sterilization methods. The times for the penetration of 7.4 cm of dry-heat-sterilized rock were 103 h for both cores inoculated with strain 140, whereas, strain BCI-1NS took from 60 to 75 or 96 h to penetrate the same cores after additional dry-heat sterilization. When these same cores were then autoclaved, the time for penetration by BCI-1NS was four to six times faster. These penetration times for autoclaved cores are well within the times previously reported for strain BCI-1NS under similar conditions (7) .
Successive autoclaving decreased the penetration times of strain BCI-1NS through Berea cores of 7.4 to 7.6 or 11.2 to 11.5 cm in length ( Table 2 ). The penetration times of 7.4-to 7.6-cm-long cores in Table 2 are similar to the penetration times reported in Table 1 flowing brine (5% NaCI) through core.
c Dry-heat treatment was for 3 h at 150°C, and autoclaving was for 20 min at 121°C while the core was submerged in 5% NaCI brine.
distribution of pore entrance sizes in the sandstone (Fig. 1) . Furthermore, the order of treatment (autoclave then dry heat [ Fig. 1A ] or dry heat then autoclave [ Fig. 1B] ) had little effect on the pore entrance size distribution. However, there were differences in distribution of pore entrance sizes between the different cores which is indicative of the inherent heterogeneity of consolidated rock samples.
Another physical property of the rock that might have been affected was porosity. Porosity is a measure of the fraction of void space to bulk volume in a porous medium. The effect of autoclaving and dry-heat sterilization on static and nonstatic porosity is shown in Table 3 . Nonstatic porosity refers to the porosity determined after 5% (wt/vol) NaCl solution was flushed through the core under a differential pressure of about 2.5 atm (253.2 kPa), whereas static porosity was measured without fluid flow through the core.
Dry-heat sterilization did not appear to significantly change the static or nonstatic porosity of the cores tested, nor did autoclaving have a significant effect on the static porosity of these same cores. However, the nonstatic porosity of autoclaved cores increased by an average of 7.3% above values for the dry-heat-sterilized cores (Table 3) . However, the increase in nonstatic porosity of autoclaved cores was not statistically significant at P < 0.1 when a two-tailed t test for the difference between two means was used (results not shown). Additional autoclaving had little or no effect on subsequent nonstatic porosity measurements (Table 3) .
Crocker et al. (4) showed that the clay minerals in Berea (2) found that the addition of the anion pyrophosphate to cell suspensions decreased the degree of cell retention inside Berea sandstone. They attributed this to a higher repulsive energy induced at the surface of either the bacterial cell or the particle surface, thereby reducing the possibility of irreversible adhesion of cells.
SEM of untreated, dry-heated, and autoclaved Berea cores also showed that autoclaving changed the nature of the clay particles inside the core (Fig. 2) . The untreated and dry-heated cores contained clay particles that were flat and platelike with irregularly shaped edges. The clay particles in the autoclaved core were clumped, with smooth and rounded edges. Understanding the effect of sterilization on the physical properties of porous rock and other porous media is crucial in explaining the role of biotic and abiotic factors in cellular penetration or retention. The information provided by this work should prove useful in future comparisons of bacterial penetration times and rates in different porous media. In addition, the results suggest that dry-heat sterilization may be a better method than autoclaving to determine the penetration rate of bacteria in native-state cores. This information will be useful for future studies of processes involving the cleanup of toxic wastes polluting groundwater and of microbially enhanced oil recovery, both of which may require transport of injected microorganisms through consolidated rock.
